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Field and Frequency Dependence of the Dielectric Response of Zr-rich PZT
at the FRL-FRH and FRH-PC Phase Transitions
N. Duan*, N. Cereceda, B. Noheda and J. A. Gonzalo
Dept. of Material Physics, C-IV, Universidad Auto´noma de Madrid, 28049 Madrid, Spain
*On leave from Shanghai Institute of Ceramics, CAS, Shanghai, China
Dielectric permittivity and dielectric losses have been investigated in Zr rich Pb1−y/2
(Zr1−xTix)1−y NbyO3 (x = 0.035 ± 0.005, y = 0.039 ± 0.013) at the FRL - FRH and the FRH
- PC phase transitions for three frequencies (1, 100, 500 kHz) and three a.c. field amplitudes (7.3,
21.8, 65.5 V/cm). The frequencies investigated are sufficient to show the presence of three different
phenomena: ionic conductivity, domain wall dielectric relaxation, not well described with these
data, and piezoelectric resonances. The dependence of the dielectric response with temperature
and field near both transition are reported in the vicinity of both phase transitions.
I. INTRODUCTION
PZT is known to have application in pyroelectric
detectors, piezoelectric transducers, etc. The dielec-
tric behavior of the high temperature ferroelectric-
rhombohedral (FRH) to paraelectric-cubic (PC) phase
transition has been recently studied as a function of ti-
tanium and niobium contents [1,2]. The presence of an-
other phase transition from a FRL(ferroelectric rhombo-
hedral - low temperature) to a FRH(ferroelectric rhom-
bohedral - high temperature) at a temperature TLH close
to room temperature for Zr-rich PZT, makes this mate-
rial interesting among other things for energy conversion
applications [3].
II. EXPERIMENTAL
In this work we present results of dielectric measure-
ments for three frequencies (1, 100 and 500 kHz) and
three a.c. field amplitudes (7.3, 21.8 and 65.5 V/cm) as
a function of the temperature.
We have used ceramic PZT samples with composition
x = 0.035 ± 0.005 and y = 0.039 ± 0.013. They were
prepared and sintered at 1340 ◦C for 1.5 h at the labora-
tories of the Shanghai Institute of Ceramics, CAS. The
samples were disks with 1.1 mm in thickness and 1.5 cm
in diameter with silver paint electrodes.
We collected data for all nine compositions mentioned
but we show only the data for one specific composition,
x = 0.035, y = 0.039. The remaining ones show similar
behavior and the observed composition dependence at 1
kHz is analyzed elsewhere [2].
The dielectric constant and losses factor of the sam-
ple was measured for both heating and cooling runs
at 20 ◦C/h by means of an automatic HP-LCR Meter
(model 4284A) and the temperature was determined us-
ing a thermocouple connected to a Keithley 196 DMM
digital multimeter.
III. RESULTS AND DISCUSSION
For low Ti concentration PZT presents clearly a
first order phase transition between a ferroelectric-
rhombohedral of high temperature phase (FRH) and the
paraelectric cubic phase (PC) at T=TFP ,as shown in
Fig. 1 and Fig. 2. Figure 1 shows the results for the
inverse of the dielectric constant, −1, and losses fac-
tor, D, vs. T for three different frequencies and Eo =
7.3 V/cm, for the a.c. field amplitude, through TFP. In
Fig. 1.(a) a small difference between the curves for 1 kHz
and 100 kHz appears near the phase transition, but for
500 kHz, −1 the behavior shown is somewhat different.
It shows the influence of the closest piezoelectric reso-
nance in the thickness mode (about 2 MHz). The effect
is amplified near the phase transition because of the sin-
gular behavior of the piezoelectric constant as discussed
below.
At the lowest frequency (1 kHz) the dielectric losses
clearly grow with temperature in the range T > TFP (see
Fig. 1). This phenomenon does not appears at 100 kHz.
Ionic conductivity contributes substantially to increase
the dielectric losses at high temperatures, but this effect
is strongly weakened at higher frequency. Because we are
using frequencies far below the infrared, the electronic
contribution to the conductivity can be taken as inde-
pendent of frequency [4]. Then, the ionic contribution
becomes predominant at sufficiently high temperature
and low enough frequency.
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Fig. 1. Inverse of dielectric constant for three different fre-
quencies and Eo=7.3 V/cm field amplitude for Zr rich PZT.
The imaginary part of the dielectric permittivity is
affected by the ionic conductivity and depends on fre-
quency ω and temperature T in the following way:
′′(ω, T ) = ′′o(ω, T )+
4pi
ω
σ′(ω, T ), (esu− cgs units)(1)
where ′′o is the imaginary part of the dielectric constant
without conductivity, and σ′ is the real part of the con-
ductivity. As mentioned above, the conductivity has two
contributions: electronic, σo, and ionic σat. This last
one has a marked effect above certain temperature, and
tends to disappear when the frequency is increased (see




, σat(0) = C(T )e−∆U/kBT (2)
where τat is the ionic relaxation time and σat(0) is the dc
ionic conductivity. It involves heavy ions in the vibrating
Fig. 2. Real (′)(open circles) and imaginary (′′)(crosses)
part of the dielectric constant at room temperature versus
frequency in the thickness mode piezoelectric resonance (fun-
damental frequency) for Zr rich PZT.
Fig. 3. Inverse of dielectric constant for the lowest fre-
quency used in this work and three different field amplitudes.
process, in such a way that it is strongly damped at
relatively low frequencies (∼ 100 kHz). Then, the effect
of the ionic conductivity appears at high temperature (∼
520 K) but only in the lowest frequency investigated.
In the literature, domain wall relaxation has been re-
ported at about 100 kHz for other ferroelectrics [5]. How-
ever, other effects like ionic conductivity are important in
our samples in this range of frequencies, and, probably,
domain wall relaxation, which is expected to become im-
portant at T close to TC is masked by these other effects.
In any case, for a detailed characterization it is necessary
to have data at closely spaced frequencies in this range.
For completeness we give the Debye like equation appli-
cable for domain wall relaxation,




Fig. 4. Dielectric constant and losses factor for one field
amplitude and the three frequencies used in the FRL-FRH
transition.
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Fig. 5. Dielectric constant and losses in the FRL-FRH phase






where ws(T ) and τw(T ) are strongly temperature depen-
dent at temperatures close to the transition temperature.
At higher frequencies (in the range 500 kHz-2.5 MHz)
piezoelectric resonances take place. The pronounced ef-
fect of the lowest frequency piezoelectric resonance is ob-
served at the highest frequency used (500 kHz). The di-
electric losses peak (see Fig. 1(b)) reveals the importance
of the energy dissipation near the resonance frequency in
comparison with the other two lower frequencies exam-
ined.
For disk geometry, the thickness and the radial vibra-
tional modes are observed. These appear in our samples
at different frequencies (∼ 500 kHz in the radial mode,
and ∼ 2 MHz in the thickness mode at room tempera-
ture). Figure 2 represents the dielectric constant (′ real
and ′′ imaginary parts) measured at room temperature
as a function of frequency in the radial piezoelectric res-
onance. In this figure, experimental points for ′ , ′′ and
theoretical fit (solid lines) are presented. The solid lines
represents the fit to the resonant behavior, made by
′(ω) = ′bg +A
ω2o − ω2
(ω2o − ω2)2 + ω2γ2
(5)
′′(ω) = ′′bg +A
ω2γ2
(ω2o − ω2)2 + ω2γ2
(6)
where the fit parameters used are ′bg ∼= 234, ′′bg ∼= 9,
A = 2.15 (rad/s)2, fo=2084 kHz (ωo = 2pifo), and
γ = 1.21×104 (rad/s). Here, ′bg and ′′bg are the values of
the real and the imaginary part of the dielectric constant
far and above from the resonances, and far from strong
relaxation regimes. The amplitude A may be expected
to be dependent on the reduced mass of ions partici-
pating in the vibration, the charge carried by the ions
and the density of participating ions per unit volume.
The damping parameter, γ, is expected to depend on
the piezoelectric coefficient d as γ ∝ 1/d, known to be-
have as d ∼= do + B/(T − To) near the transition tem-
perature. The characteristic frequency, ωo, apparently
depends weakly on the temperature.
In dielectrics with permanent and reorientable dipoles,
the dielectric constant depends on frequency following
Debye’s equations [6] for a given temperature:








where s and ∞ are the static and the high frequency
dielectric constant, respectively, and τ is the intrinsic
relaxation time. Here s(T ) and τ(T ) are strongly de-
pendent with temperature in the vicinity of the transi-
tion temperature. It has been found that the intrinsic
relaxation of the orientational polarization at room tem-
perature takes place around 1010 Hz for Zr rich PZT [7].
Figure 3 shows the inverse of the dielectric constant
and the losses factor vs. temperature for the lowest fre-
quency (1 kHz) at the three fields used in this work.
In Fig. 3(a) a small shift in −1 with the amplitude of
the applied field is observed below the FRH-PC transi-
tion temperature. At T > TFP the dielectric constant
does not depends on field, for those used here, because
the spontaneous polarization is zero (Ps = 0) above the
transition. The temperature dependence of losses fac-
tor D at 1 kHz for these amplitudes is given. Dielectric
losses present a maximum close to a transition temper-
ature which is shifted in temperature by increasing the
applied field, as noted in the literature [5]. We did not
get appreciable temperature shifts of the losses maximum
for this phase transition for the applied fields, however
the height of this peaks increases with increasing the a.c.
field amplitude. It is observed that for T < TFP , this
effect clearly disappears at temperatures above TFP, at
which the material is in the non-polar phase.
The results obtained for (T ) and D(T ) at the FRL-
FRH phase transition are plotted in Figs. 4 (three fre-
quencies at Eo=7.3 V/cm) and 5 (three fields at f=1
kHz). Arrows indicate the position of FRL-FRH transi-
tion temperature. Figure 4(a) shows the dielectric con-
stant for 7.3 V/cm field amplitude at different frequen-
cies. When the frequency is increased, the FRL-FRH
phase transition becomes more diffuse. In Fig. 4(b) the
same phase transition is well defined by the maximum
in the losses factor. In this phase transition, cations fur-
ther displacements and oxygen octahedra rotations takes
place [8] along and about the [111] crystallographic di-
rection, respectively. The ionic movements are some-
what sensitive to low frequency fields. The masses of the
participating ions are very large in comparison with the
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electron mass. The anomalies in dielectric constant be-
come weaker when the frequency of the applied electric
field is increased.
In Fig. 5 the FRL-FRH phase transition is also shown,
for 1 kHz, at the three applied fields. With increasing
field amplitude, both  and D are slightly increased. This
transition becomes also better definited with ncreasing
field amplitude. No shift in temperature of maximum
losses is observed as was the case in the FRH-PC phase
transition.
In summary, the factors to be taken into account to
analyze the frequency dependence are: the ionic con-
ductivity (∼ 1 kHz), domain wall relaxation (estimated
to be about 20 to 500 kHz), not observed in any detail
here, the piezoelectric resonances (100 kHz to 2 MHz)
and the intrinsic relaxation (∼ 200 MHz). The last three
present a pronouncred temperature dependence near the
ferroelectric-paraelectric transition temperature. The
losses factor peak at T ∼ TLH and T ∼ TFP increases
significantly for larger field amplitudes.
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